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Since its usage by Darwin (1859), the concept of “living fossil” has undergone multiple
definitions and has been much discussed and criticized. Soon after its discovery in
1938, the coelacanth Latimeria was regarded as the iconic example of a “living fossil.”
Several morphological studies have shown that the coelacanth lineage (Actinistia) has
not displayed critical morphological transformation during its evolutionary history and
molecular studies have revealed a low substitution rate for Latimeria, indicating a slow
genetic evolution. This statement, however, has been recently questioned by arguing
that the low substitution rate was not real, and that the slow morphological evolution
of actinistians was not supported by paleontological evidence. The assessment of
morphological transformation among three vertebrate lineages during a time interval of
circa 400 million years shows that the morphological disparity of coelacanths is much
more reduced than the morphological disparity of Actinopterygii and Tetrapoda. These
results support the idea that living coelacanths are singular organisms among the living
world.
Keywords: coelacanths, tetrapods, ray-finned fishes, fossil record, morphological disparity
INTRODUCTION
The African coelacanth (Latimeria chalumnae) and the
Indonesian coelacanth (L. menadoensis) are the only living
representatives of the Actinistia, a sarcopterygian clade that
appeared in the fossil record in the Early Devonian, circa 400
million years ago. These fishes have been nicknamed “living
fossils” because they apparently meet some of the conditions
of the original usage of this notion by Charles Darwin. Darwin
(1859) regarded some animal taxa as “anomalous forms [that]
may almost be called living fossils” because “new forms will
have been more slowly formed,” they are “remnants of a once
preponderant order” and “they connect to a certain extent
orders now widely separated in the natural scale.” Since then,
the term “living fossils” has acquired another meaning, i.e.,
species that were found as fossils before they were found as living
forms, a definition also relevant for the coelacanths. We focus
here on one aspect of this multiform definition: coelacanths
as potential slowly evolving organisms. Several morphological
studies have shown that the coelacanth lineage has not displayed
critical morphological transformation during its evolutionary
history following an early diversification episode in the Devonian
(Schaeffer, 1952; Cloutier, 1991; Forey, 1998; Schultze, 2004;
Friedman and Coates, 2006) and several molecular studies
revealed a low genomic substitution rate for Latimeria for some
categories of genes at least (Amemiya et al., 2013 and references
therein). In a recent paper, however, Casane and Laurenti (2013)
questioned the status of “living fossils” for coelacanths as slowly
evolving organisms. They challenged the low substitution rate
in Latimeria genome by scanning publications dealing with
nuclear gene analyses. A majority of studies (8 among 12 papers)
indicates no conclusive evidence for a slow evolution of the
coelacanth genome, and those pointing out a slowly evolving
genome are mostly based on studies of the HOX gene clusters
(2 among 12). At the same time, the full genome sequencing of
Latimeria chalumnae was made available (Amemiya et al., 2013),
and its study provided ambivalent results with respect to Casane
and Laurenti’s view by showing that protein-coding genes are
significantly more slowly evolving than those of tetrapods, unlike
other genomic features.
Casane and Laurenti (2013) also questioned the morpholog-
ical stability of Actinistia by arguing that no fossils of the genus
Latimeria have been found so far, suggesting that morphological
differences between extant and extinct coelacanths are impor-
tant enough to be grouped into distinct genera. They also stated
that the morphological stability of coelacanths is not supported
by paleontological evidence, and illustrated the actinistian mor-
phological disparity by comparing the body morphology of nine
extinct genera ranging in age from the Lower Devonian to the
Cretaceous along with the Recent Latimeria. Among anatomical
structures taken as examples of characters varying through time,
they listed the number of vertebral elements, the ratio between
the abdominal and the caudal regions, and pointed out differ-
ences in the general body morphology. They briefly compared
the anatomy of Latimeria with the Cretaceous Macropoma and
noticed differences concerning the orientation of the gape and the
shape and relative proportions of some skull bones.
Here we address the issue of coelacanth morphological trans-
formations through deep time. We do not question the state-
ment thatmorphological differences are observed between extinct
actinistian taxa and Latimeria but rather test whether morpho-
logical changes occurred in actinistians at the same pace as in
other comparable major vertebrate lineages by comparing rate
of anatomical novelties acquisition along corresponding evolu-
tionary trajectories. Although computations of morphological
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acquisitions along the actinistian lineage were performed by sev-
eral authors (Schaeffer, 1952; Forey, 1988, 1998; Cloutier, 1991;
Schultze, 2004), their purpose was to assess fluctuations of mor-
phological changes and not to compare transformations rates
with other clades, as proposed here.
COMPARING EVOLUTIONARY HISTORIES OF VERTEBRATE
LINEAGES
In order to address the issue of morphological transforma-
tions through time, we selected three clades of crown-group
vertebrates: the Actinistia (coelacanths), the tetrapods (here
encompassing Tetrapoda and their closest relatives), and the
Actinopterygii (ray-finned fishes) (Figure 1) and propose phy-
logenetic reconstructions of corresponding extant genera, the
coelacanth (Latimeria), a hummingbird (Trochilus) and the perch
(Perca) (Figure 2). The Chondrichthyes (chondrichthyans) and
the Dipnoi (lungfishes) could not be included in this study
because the post-Paleozoic fossil record of these clades lacks suf-
ficient taxa represented by complete and articulated specimens,
which prevents homogeneous comparison with the other extant
clades considered. The phylogenetic reconstructions presented
here are based on a similar model as in the Figure 1 of Casane
and Laurenti (2013), but with the notable difference that they
are plotted against a time frame (Figure 2A). For each actinis-
tian terminal taxon retained in the original figure of Casane and
Laurenti (2013), we looked for approximately coeval tetrapod and
ray-finned fish taxa, which have been proposed as close relatives
of hummingbird and perch, respectively. Because of the incom-
pleteness of the fossil record, variations in the stratigraphic ranges
occur for some of the corresponding genera between the three
lineages, and the selected taxa do not represent the closest phy-
logenetic relatives in all instances, but a genus close to it with a
reasonably well-known anatomy (similarly, the actinistian clado-
gram displays a selection of genera). In this figure, the genera
corresponding to the coelacanth Macropoma are Ichthyornis and
Hoplopteryx for tetrapods and actinopterygians, respectively, and
the genera corresponding to Mawsonia are Gansus and Enchodus,
respectively, and so on through deep time. In addition, note that
because Miguashaia—the sister group to all other actinistians
FIGURE 1 | Interrelationships among the five crown-vertebrate clades.
The lineages with stippled lines are not included in this study, because their
fossil record is mostly composed of fragmentary remains (teeth and tooth
plates) for the second half of their evolutionary histories.
in Casane and Laurenti’s phylogeny—is not the oldest known
representative of this clade, the patterns of the three compared
cladograms slightly differ at their bases. Moreover, a few choices
were made between concurrent phylogenies, such as, for instance,
the placement of Dialipina as sister group of all other ray-finned
fishes (Zhu et al., 2009).
The three calibrated cladograms represent the evolutionary
histories of the coelacanth, hummingbird and perch during a sim-
ilar time interval of almost 400 million years. In a second step, we
searched in literature for uniquely derived morphological char-
acter states that occurred along the corresponding internodes of
the three cladograms. A uniquely derived character is a charac-
ter that “has evolved only in one direction on a single occasion
in the history of the group” (LeQuesne, 1972). Uniquely derived
characters, referred to as unique apomorphies below, may or may
not include unambiguous character transformations. The rate of
unique apomorphies acquisition per million years is calculated
for the three lineages by dividing the total number of unique apo-
morphies by 400 (Figure 2B). Because of the different patterns
between the basal part of the three phylogenies, and because of the
taxonomic uncertainties mentioned above, the number of unique
apomorphies in the three lineages were also computed by exclud-
ing the basalmost nodes, i.e., by excluding Miguashaia and the
clade Holopterygius + Allenypterus in actinistians, Panderichthys
in the tetrapod lineage and Dialipina in actinopterygians.
In this case, we consider an average total time interval of
360Ma for calculating unique apomorphy acquisition per million
years.
For actinistians, we used the set of characters from Dutel et al.
(2012), which are coded for all genera under consideration, and
the set of characters from Zhu et al. (2012), which are coded for
all genera except Rebellatrix. Because no phylogenies including
all the genera used in the tetrapod and the ray-finned lineages
are available, we mapped the characters using several published
sources. We selected from each study unique apomorphies that
support the six nodes. Unique apomorphies correspond to char-
acter changes with a consistency index of 1, although we cannot
exclude that for some of them, reversions are possible if the total
set of terminal taxa was considered in the phylogenetic analy-
ses. Moreover, we made the assumption that adding taxa would
not add unique apomorphies. Because some of the studies used
here do not provide lists of character transformations associated
with their consistency indexes, we ran the original datamatri-
ces and searched directly for unique apomorphies supporting the
nodes (Supplementary Table S1). Table 1 shows the total num-
ber of unique apomorphies and the calculated rates of acquisition
of unique apomorphies per million years, with and without the
basalmost node. Lists of synapomorphies for each of the three
lineages are available in Supplementary Material (Supplementary
Table S1).
MORPHOLOGICAL DISPARITY
Superficial comparisons between the calibrated cladograms of
tetrapods on one hand, and of the two fish lineages on the
other hand clearly indicate that morphological transformations
are much more pronounced in the tetrapod evolutionary history
(Figure 2).
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FIGURE 2 | (A) Cladograms of the three crown-vertebrate clades included
within a time frame. Numbers indicate uniquely derived apomorphies
supporting each node [for actinistians, numbers separated by a slash bar are
counted based on data from Dutel et al. (2012) and Zhu et al. (2012),
respectively]. (B) Scale indicating the acquisition rate of uniquely derived
apomorphies per million years for the three clades. Red arrows indicate rates
calculated with the total number of unique apomorphies, blue arrows indicate
rates without the basalmost node for each clade (gray frame in the
phylogenies above). For actinistians, D and Z indicate calculation with data
from Dutel et al. (2012) and Zhu et al. (2012), respectively.
Table 1 | Total number of unique apomorphy and corresponding rates of unique apomorphy acquisition per million years for each
reconstructed trees.
All nodes (400Ma) Without the basal most node (360Ma)
Total number of Unique Total number of unique
unique apomorphies apomorphies/Ma unique apomorphies apomorphies/Ma
Actinistia Dutel et al., 2012 20 0.050 13 0.036
Zhu et al., 2012 21 0.053 15 0.042
tetrapods 127 0.318 98 0.272
Actinopterygii 57 0.143 51 0.142
Looking more precisely into the character changes that
occur along the three calibrated cladograms is more informa-
tive. The rate of unique apomorphy acquisition in the tetra-
pod lineage, with and without the basalmost node, is circa
twice the rate in the ray-finned lineage and about six times
higher than in the actinistian lineage, thus confirming the
deeper morphological transformation in the tetrapod lineage
than in the fish lineages. The rate is approximately three
times higher in the ray-finned lineage than in the actinistian
lineage.
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Quantifying synapomorphy acquisition is a first approach
that should be supplemented by a discussion on the nature of
the characters involved in the three clades. In the humming-
bird descent, the 127 apomorphies (or 98 without the basalmost
node) affect all parts of the skeleton, in particular osteological
complexes, or key-innovations, directly related to changes in life
environment. In the descent of the perch, the apomorphies also
concern all parts of the skeleton (e.g., the skull with mostly buc-
cal and branchial apparatus, vertebral column and fin structure).
Other morphological trends occur along this lineage, but are not
mapped because they are not precisely located within the general
phylogeny. These transformations include changes in histology,
such as multilayered ganoine and acrodine tissue that appeared
at the base of the cladogram (Schultze and Cumbaa, 2001), the
acellular bone present in teleosts (Parenti, 1986), and a general
trend of decreasing ossification of the dermal skeleton associ-
ated with an increasing ossification of the endoskeleton (Sire
et al., 2009). These complexmodifications would have been coded
through numerous different characters if they were included in a
global analysis of the whole actinopterygian clade. They do not
appear here because the studies we used are too specific to inte-
grate them. In the descent of Latimeria, the transformations affect
mainly details of bones, such as absence/presence of processes or
laminae, general shape, fusion/autonomy of ossifications, orna-
mentation, and pattern of the sensory canal system. The trend
toward a near-symmetrical arrangement of radials and finweb
distribution around the pectoral lobe is an osteological transfor-
mation occurring along the actinistian lineage (Friedman et al.,
2007) that is not mapped here because it does not correspond to a
discrete character. Exceptions among the coelacanth morphologi-
cal monotony, however, are the generaMiguashaia,Holopterygius,
and Allenypterus, which are basal actinistians with derived char-
acters (Friedman and Coates, 2006). However, their characters are
not mapped in Figure 2 because they are not located on the direct
lineage of Latimeria.
Although quantifying the amount of morphological transfor-
mations is a challenging task tainted with methodological biases,
our comparison indicates that morphological changes in the
actinistian lineage is markedly lower than in the other two clades,
at least after the Late Devonian early morphological diversifica-
tion of the group (Friedman and Coates, 2006). This difference is
likely underestimated in the present study because the calculation
for actinistians rests on two data sets that cover the whole sampled
taxa, whereas the calculations for actinopterygians and tetrapods
are based on several datasets specific to some parts of the phyloge-
nies of these groups. Hence, we assume that if such datamatrices
were built for restricted numbers of selected taxa, but encompass-
ing the whole range of the clades as adopted here for actinistians,
the number of synapomorphies in both lineages would be much
higher and would include, notably, coded characters for the gen-
eral “trends” mentioned above. The present study, however, is a
partly quantitative approach that shows that the actinistian lin-
eage experienced much less morphological transformation than
both other compared lineages during the last 360 million years, at
least.
It is noteworthy that the choice of the terminal taxa in Figure 1
has an impact on the amount of synapomorphies mapped in
the internodes. Choosing for instance the hellbender salamander
(Cryptobranchus) and the bichir (Polypterus) as recent represen-
tatives of the tetrapods and actinopterygians, respectively, would
have probably lowered the amount of osteological synapomor-
phies in the internodes. Although this should be borne in mind,
our aim here is not to search for examples among the compared
clades that may have experienced slower morphological evolu-
tion. Instead, we aim to emphasize that during the last 400Ma of
their evolutionary history the tetrapod and actinopterygian lin-
eages encompassed representatives that underwent critical mor-
phological transformations whereas such broad morphological
modifications are absent in the descent of Latimeria.
“LIVING FOSSILS”: A DEEP TIME PERSPECTIVE
Casane and Laurenti (2013) supposed that the concept of “living
fossil” rests in part on “the remnant misinterpretation of biodi-
versity as a “ladder of progress.” We do not consider that this
Aristotelian notion is the main support of the “living fossil” con-
cept, which rests in our opinion on the genuine fact that paces of
morphological evolution vary between vertebrate groups. Casane
and Laurenti’s rejection of the “living fossil” concept is based on
the absence of notions such as deep or geological time in their
analysis. Their discussion of cladogram topology lacks any tem-
poral dimension and leads to confusion between synchronous
and asynchronous trees (Podani, 2013). Moreover, using Hennig’s
statement that ancestral species cease to exist as two new sister
species form as the basis of the “tree-thinking” point of view (it is
actually the way Hennig defined species), they ground their crit-
icism on a strictly “pattern reconstruction” approach (Rieppel,
2010). Such an approach is timeless and excludes evolutionary
processes, such as budding speciation (Mayr and Bock, 2002),
a process more likely to occur in species with a long strati-
graphic range. When included within a time frame, notions such
as “basal” or “early branching” make sense for clades diverg-
ing early in time along the evolutionary history of a clade (for
instanceMiguashaia,Dialipina, and Panderichthys are regarded as
basal taxa in Figure 2). However, it is noteworthy that including a
cladogram within a time-scale does not justify notions of “prim-
itive,” “evolved,” and “progress,” which are subjective concepts
suggesting that evolution is oriented.
CONCLUSIONS
Although “living fossils” are obviously not non-evolving organ-
isms, they gather an informal group of slowly evolving organisms.
We agree with Casane and Laurenti (2013) that the term “living
fossil” may affect the understanding of evolution, especially by
non-professional biologists. But we insist on the fact that themor-
phological evolutionary history of Latimeria, together with those
of other extant organisms (e.g., lampreys, Australian lungfish,
tuatara), shows slow morphological evolution, and we point out
that this peculiar condition should not be overlooked. In addition
to its slow rate of morphological evolution, Latimeria is located at
the tip of an extremely long evolutionary branch (split from its
closest extant relative circa 450 million years ago). This feature is
also found in the Australian lungfish, Neoceratodus forsteri (split
from its closest extant relative circa 250 million years ago) and
in that sense, both taxa have a higher evolutionary distinctiveness
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than, for instance, one specific species of the recently diversified
whitefish genus Coregonus (Jacobsen et al., 2012).
Although all these fishes have comparable positions in “pattern
reconstructed” trees, the evolutionary distinctiveness caused by
slowmorphological transformation and by evolutionary isolation
make Latimeria and Neoceratodus special cases among the living
world, which should impact on their conservation status (Cavin
and Kemp, 2011). The sounder conclusion about the interest of
these distinct taxa is by Darwin himself: “Species and groups of
species, which are called aberrant, and which may fancifully be
called living fossils, will aid us in forming a picture of the ancient
forms of life” (Origin of Species, conclusion).
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